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Abstract: In this study, the possibilities of selective sorption of neodymium and praseodymium ions
from a mixture of their solution were studied. For this purpose, based on the obtained results on the
dynamics of sorption of each ion separately by industrial hydrogels KU-2-8 (Na*): AV-17-8 (Cl),
interpolymer systems with different molar ratios of cation exchanger and anion exchanger, namely
4:2 and 3:3, respectively, were selected. The choice of these ratios was based on the detection of
increased sorption of praseodymium ions from a model solution compared to neodymium ions. The
sorption (48 h.) and desorption (72 h.) processes were carried out in two modes: dynamic (with
active mixing, speed range 80-150 rpm) and static (without mixing the working solution from which
REE were extracted), at room temperature (close to 25° C). According to the obtained results,
sorption in the dynamic mode in the ratios of 4:2 and 3:3 does not lead to any selectivity
(praseodymium ions were sorbed better than neodymium ions by 3.93% and 2.96% for each ratio).
However, a high degree of extraction was noted for both ions: Pr** = 99.36%, Nd** = 95.67% for the
4:2 system and Pr3* = 81.33%, Nd3* =79% for the 3:3 system. In the static mode, the degree of
extraction of both metals was significantly lower: for the 4:2 system Pr®* = 19.33%, Nd¥ = 24%.But,
despite this, in the static mode, greater selectivity was observed with respect to one of the metals,
namely neodymium. Thus, with a ratio of 4:2, neodymium was sorbed better than praseodymium
by 24.16%, and in the 3:3 system by 39.83%. When desorption was carried out from the cationite, a
similar picture was also preserved. From here it becomes clear the relevance and necessity of further
study of the issue of choosing a technological mode for the sorption of REE from industrial solutions,
as well as the creation and selection of similar interpolymer systems that can provide sufficient
selectivity in relation to one of the target ions in several extraction cycles.

Keywords: interpolymer system; neodymium ions; praseodymium ions; selective extraction; ion
exchangers AB-17-8(Cl-) and KU-2-8(Na*), remote interaction

1. Introduction

Currently, there is a growing industrial demand for rare earth elements (REE), as these elements
are now an integral part of the production of many carbon-neutral technologies. Interest has
especially increased in secondary sources due to the huge potential for their recycling [1]. An
important difficulty is the separation of rare earth metals from each other. The main methods for
extracting REE from both primary and secondary sources are: precipitation, extraction and sorption
[2-6]. The importance of the efficiency of the technological process for obtaining REE (rare earth
metals) is explained by the fact that in recent years the demand for REE has grown rapidly, as they
are used in high-tech and environmentally friendly technologies, such as high-performance magnets,
rechargeable batteries and low-energy fluorescent lamps [7]. Therefore, the aim of this study was to
determine the conditions of selectivity of intergel systems based on KU-2-8(Na*):AB-17-8(Cl') in
relation to praseodymium and neodymium ions in static and dynamic sorption and desorption
modes.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Equipment

The mass of the sorbents was determined by weighing on a Shimadzu TX423L electronic
analytical balance. The residual concentration and concentrations after desorption were determined
using a KFK-3 photocolorimeter and atomic emission analysis (Thermo Scientific™ iCAP™ PRO XP
ICP-OES).

2.2. Materials

The studies were conducted in solutions of hexahydrate neodymium and praseodymium nitrate
(the concentration of Nd** and Pr®* = 30 mg/l each in the mixture and the concentration of Nd3+ and
Pr3+ = 100 mg/l when studying the sorption dynamics individually for each ion). Industrial ion
exchangers in salt form were used: strongly basic AB-17-8 (Cl') and strongly acidic KU-2-8 (Na*). To
conduct the study, interpolymer systems with different molar ratios of cation exchanger and anion
exchanger were composed from these hydrogels. To work with a solution containing both metals,
systems with molar ratios of 4:2, 3:3 were selected.

2.3. Experiment

The experiments were carried out at room temperature. Ion-exchange resins KU2-8 (Na*) and
AV-17-8 (Cl) were used in a dried state to study the sorption of neodymium ions. The moisture
content in KU-2-8 (Na*) was 17%, and in AV-17-8 (Cl") 32.34%. The studies of the interpolymer system
were carried out in the following order: each ion-exchange resin was placed in dry form in separate
polypropylene grids, in different molar ratios (from 6:0 - the initial cation exchanger to 0:6 - the initial
anion exchanger). Then the polypropylene grids with ion-exchange resins KU2-8 and AV-17-8 were
placed in glasses with solutions of neodymium and praseodymium nitrate (200 ml each), when
studying the dynamics of sorption of each metal separately. Exactly the same procedure was
performed for a solution of a mixture of these ions. The experiments with each REE separately were
conducted in a static mode (without stirring), and aliquots were collected after 1, 6, 24, 48 hours from
the start of the sorption process. In the case of the experiment with a mixture of metals, both modes
were used: static and dynamic (with active stirring), and aliquots for atomic emission analysis were
collected after 48 hours of sorption and 72 hours of desorption. Based on the data obtained on the
dynamics of sorption of each REE separately, the molar ratios of cation exchanger and anion
exchanger were selected: 4:2, 3:3. The main task was to check the presence of selectivity in these
interpolymer systems. Desorption was carried out using nitric acid (2%) for 72 hours.

3. Results and Discussion

3.1. Relevance and Overview of the Problem

The relevance of such searches is confirmed by a huge number of works devoted to the
possibilities of extracting REE from solutions obtained by leaching ores, as well as from processed
raw materials. Thus, in a review study [8], the authors confirm that sorption processes of all possible
methods are the most relevant and most suitable for the environment. The article lists such modern
developments as: polymers with ion imprints, porous organic polymers, chelate ion exchangers,
silicate adsorbents (based on covalently and non-covalently bound ligands), metal-organic
frameworks, magnetic adsorbents, as well as modified materials from nanocarbon.

However, the extraction and separation of REEs remain expensive and complex, creating
numerous environmental problems [9]. Recently, solvent extraction has become a popular method
for recovering REEs from liquid wastes, but its dependence on flammable and toxic organic solvents
makes it unsuitable for the treatment of industrial wastewater with low concentrations of rare earth
elements. In contrast, adsorption, which binds metal ions to an adsorbent, is more environmentally
friendly, reduces the use of solvents and additives, allows for a wider range of concentrations, and is
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similar in efficiency. Given the stringent environmental regulations, adsorption is commercially
superior to solvent extraction [10]. A variety of adsorbents have been investigated for the recovery of
REEs from ores and municipal solid wastes, including activated carbon, carbon nanotubes, dried
biomass, nanocomposites, polymeric materials, silica, and zeolites [11]. The adsorption of REE is
influenced by various mechanisms, each of which is driven by specific forces. A special role is played
by the mechanisms of chemical coordination between the metal ion and the adsorbent.

The study [12] devoted to analog materials based on porous sorbents also indicates the
advantages of adsorption compared to other methods of extracting target metals. The development
of effective porous organic polymers based on carbon, porous silicon and porous metal-organic
frameworks are the leading directions today. But the main problem with such materials is the
complexity of their manufacture and, therefore, their high cost.

A possible solution to the problems of high cost and complexity of manufacturing highly
selective adsorbents may be the use of conventional industrial sparsely cross-linked hydrogels based
on the "long-range effect" or, in other words, the "remote interaction effect". The use of cross-linked
polyelectrolytes is also justified from an environmental point of view. In this case, there is no need to
use toxic and flammable extractants, sorption can be carried out in aqueous solutions, and traditional
cationites and anionites can be used repeatedly. The action of this effect is largely associated with the
behavioral features of macromolecule charges, and was first studied in [13-16].

The phenomenon of remote interaction largely affects the physicochemical properties of
hydrogels (both cationites and anionites). The effect can be observed by changing such characteristics
of hydrogels in intergel systems of various ratios as: pH of the solution, electrical conductivity, degree
of swelling and the amount of sorption of rare earth metal ions. Thus, in the works [17-22], the
features of sorption of rare earth metals by various polyelectrolyte systems and changes in the
properties of cationites and anionites during mutual activation were studied.

3.2. Study of Sorption of Target Metal lons by Interpolymer Systems

For selective extraction of one of the presented metals, it was necessary to initially establish the
features of their individual sorption. For this purpose, the dynamics of absorption were studied
separately for 48 hours using model solutions with a concentration of 100 mg/l of each metal
(neodymium, praseodymium) (taking aliquots after 1, 6, 24, 48 hours, respectively). Figures 1 and 2
present the results of ion sorption at different molar ratios of hydrogels (cation-exchange resin and
anion-exchange resin).

Sorption of Nd3+ ions by the interpolymer system:
C mg/l KU-2-8(Na"):AV-17-8(CI), C,; (N d*)=100 mgl/l
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Figure 1. Residual concentration of neodymium ions at different molar ratios of hydrogels over
time.
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Figure 2. Residual concentration of praseodymium ions at different molar ratios of hydrogels over
time.

It is interesting to note that, despite the close ionic radius, oxidation state and mass, the curves
on the graphs of these metals differ. This means that each ion has its own characteristic absorption
dynamics by the interpolymer systems KU-2-8 (Na*): AB-17-8 (Cl-), which can presumably be used
for the selective extraction of one metal in several cycles. Thus, for praseodymium, after 48 hours of
sorption, the lowest residual concentrations are observed at PE ratios of 5:1, 4:2 and 3:3. For
neodymium, after the same amount of time, the highest absorption is observed mainly only in the
ratio of 5:1. Therefore, for further study of the issue of possible selective sorption using these results
for each ion separately, interpolymer systems can be selected. Based on the fact that in the case of
neodymium there were no peaks of increased sorption in the ratio of 42 and 3:3, unlike
praseodymium, it is logical to select these molar ratios of hydrogels and not take into account the
other systems. Thus, we make an assumption that it is in these systems that we can obtain selectivity
with respect to praseodymium ions. To test this idea, molar ratios of cation exchanger and anion
exchanger of 4:2 and 3:3 were used in a mixture of neodymium and praseodymium solutions. The
initial concentration of each ion was 30 mg/l. In this case, sorption was carried out in two modes:
dynamic (with active mixing) and static (without mixing the model solution of the metal mixture).
This solution was aimed at testing the possibility of influencing the choice of mode on the selectivity
of extraction (since in the case of active mixing, equilibrium is established faster, and even if one of
the ions binds to the polymer matrix more energetically favorably, the kinetic factor can negate this
small difference). Table 1 presents the results of the residual concentration of the target metals after
48 hours of sorption. As can be seen from the numerical values, with constant mixing, the residual
concentration of both metals is significantly lower than in the static mode. Also of interest is the fact
of better sorption of Pr** ions in the dynamic mode, and vice versa, better sorption of Nd? in the static
mode. This partly contradicts our expectations, since in the case of individual sorption in the ratios
of 4:2 and 3:3 in the static mode, we expected higher absorption of praseodymium. Figure 3 shows
the final graph for the residual concentrations of the ions under study.
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Table 1. Residual concentration of neodymium and praseodymium after 48 hours of sorption under
different interaction conditions. (Cinital = 30 mg/1 each).

PE ratios and sorption mode Nd Pr
KU-2-8(Na):AV-17-8(Cl) 4:2 dynamic mode 1,3 0,192
KU-2-8(Na):AV-17-8(Cl) 3:3 dynamic mode 6,3 5,6

KU-2-8(Na):AV-17-8(Cl) 4:2 static mode 22,8 24,2
KU-2-8(Na):AV-17-8(Cl) 3:3 static mode 24,0 25,7
Residual concentrations of Nd, Pr after 48 hours of
sorption in different modes
30
25
20
15 HPr
mNd
10
5
0.192 1.3
0 I
dynamic mode 4:2 dynamic mode 3:3  static mode 4:2 static mode 3:3

Figure 3. Residual concentrations of neodymium and praseodymium ions after 48 hours of sorption.

To answer the most important question about the possibility of selectivity, it is necessary to
calculate the extraction rates of praseodymium and neodymium and to calculate per 1 mole of
polymer, assuming that the anionite does not participate in sorption. Table 2 presents the results of
the extraction rate for each ion. At first glance, it is clear that the greatest difference in the percentage
of extraction rate is observed in the 3:3 static mode.

The degree of extraction (sorption) of neodymium and praseodymium ions was calculated using
the formula:

n= Cinit. = Cresia. «100%
Cinit.
where Cinit. - initial concentration of neodymium ions in solution, mg/l; Cresia— residual concentration
of neodymium ions in solution, mg/1

Table 2. This is a table. Tables should be placed in the main text near to the first time they are cited.

PE ratios and Nd degree of Nd degree of extraction Pr degree of Nd degree of extraction

sorption mode extraction % per 1 mol in % extraction % per 1 mol in %
KU-2-8(Na):AV-17-
8(Cl) 4:2 dynamic 95,67 23,91 99,36 24,81
mode
KU-2-8(Na):AV-17-
8(Cl) 3:3 dynamic 79 26,33 81,33 27,11

mode
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KU-2-8(Na):AV-17-

8(Cl) 4:2 static mode 24,0 6 19,3 4,83
KU-2-8(Na):AV-17-

2 7 14 4,77
8(Cl) 3:3 static mode 0,0 6,6 ,33 ,

Figures 4 and 5 show graphs of the degree of extraction, where a higher difference in the values
of the degree of extraction in the static mode is clearly visible, which may indicate that despite the
rapid establishment of equilibrium with active mixing, it may be more advantageous to carry out the
sorption process in a stagnant solution to obtain greater selectivity. In this case, a contradiction arises:
the choice of a dynamic mode to accelerate the sorption process and a greater degree of extraction of
each metal, or the choice of a static mode with lower indicators of the degree of extraction and a long
establishment of equilibrium, but slightly greater selectivity with respect to one of the target ions.

120

KU-2-8:AV-17-8 systems

100 -

80 -

60 - HPr

m Nd
40 -

Degree of extraction %

20 A

4:2 dynamic mode 3:3 dynamic mode

Figure 4. Extraction rate in dynamic mode.

30

KU-2-8:AV-17-8 systems

25
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=
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4:2 static mode 3:3 static mode

Figure 5. Extraction rate in static mode.
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Two other important sorption indices, the total degree of polymer chain binding and the
effective dynamic sorption capacity, were calculated to provide a complete picture of the sorption
characteristics of each target ion under different interaction conditions. Those results are shown in
the Tables 3 and 4.

The total degree of binding of the polymer chain was determined by the following formula:

V.
0= =2 4 100%

where Vso. is the amount of sorbed metal, mol; v is the amount of polymer sample, mol., 8 - total
degree of binding of the polymer chain. The effective dynamic sorption capacity was calculated using
the formula:
Q — Vsorb.
Mgorbent

where Vsorb. is the amount of sorbed metal, mol; msorent is the mass of the sorbent.

Table 3. Degree of polymer chain binding.

PE ratios and sorption mode O(Nd) % 6(Pr) %
KU-2-8(Na):AV-17-8(Cl) 4:2 dynamic mode 49.75 52.88
KU-2-8(Na):AV-17-8(Cl) 3:3 dynamic mode 54.78 57.72

KU-2-8(Na):AV-17-8(Cl) 4:2 static mode 12.48 10.29
KU-2-8(Na):AV-17-8(Cl) 3:3 static mode 13.87 10.17

Table 4. Effective dynamic sorption capacity.

PE ratios and sorption mode Q(Nd) Q(Pr)
KU-2-8(Na):AV-17-8(Cl) 4:2 dynamic mode 0.0025 0,0026
KU-2-8(Na):AV-17-8(Cl) 3:3 dynamic mode 0,0027 0,0029

KU-2-8(Na):AV-17-8(Cl) 4:2 static mode 0,0006 0,0005
KU-2-8(Na):AV-17-8(Cl) 3:3 static mode 0,0007 0,0005

Here we can also observe large differences between the different sorption modes. With constant
stirring, the degree of polymer chain binding is four times higher than the same indicator for sorption
in a stagnant solution. The same results can be observed for the effective dynamic sorption capacity

3.3. Study of Sorption of Target Metal lons by Interpolymer Systems

The desorption results presented in Table 5 are interesting. First of all, considering the results of
desorption from the cationite, it is easy to notice that in the dynamic mode it was possible to obtain
more of both ions than in the static mode. Moreover, the difference in the ratios of 4:2 and 3:3 is small
in both modes. The figure shows a graph of neodymium and praseodymium desorption in the
dynamic mode. Regardless of the sorption mode, neodymium was better desorbed from the polymer
matrix compared to neodymium. Table 4 shows the desorption results. Figures 6 and 7 show
histograms that clearly show the difference in the choice of desorption mode for selectivity.

Table 5. Atomic emission analysis, desorption after 72 hours (C initial = 30 mg/1 each).

PE ratios and sorption mode Nd Pr
KU-2-8(Na) 4:2 dynamic mode 15,8 15,4
KU-2-8(Na) 3:3 dynamic mode 14,6 14,2
AV-17-8(Cl) 4:2 dynamic mode 1,25 0,095
AV-17-8(Cl) 3:3 dynamic mode 1,52 0,33

KU-2-8(Na) 4:2 static mode 2,25 1,11
KU-2-8(Na )3:3 static mode 2,24 1,09

AV-17-8(Cl) 4:2 static mode 1,32 0,17
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Figure 6. Desorption with constant stirring.
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4:2 static mode 3:3 static mode 4:2 static mode 3:3 static mode
KU-2-8 KU-2-8 AV-17-8 AV-17-8

Figure 7. Desorption without stirring.

To get a clearer picture, it is necessary to calculate the degree of desorption in order to operate
with percentage ratios. This value was calculated using the following formula:

desor.

C
w=——x100%
sorb.
where w is the degree of desorption, Cadesor. is the concentration of desorbed metal, Csorb is the
concentration of absorbed metal. Csor. was calculated by subtracting the residual concentration from
the initial ion concentration. The results for the degree of desorption for each ion are presented in the
Table 6.
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Table 6. Degree of desorption of neodymium and praseodymium ions in different modes from the

polymer matrix.

PE ratios and desorptionmode  (Nd)%  (Pr) %

KU-2-8(Na) 4:2 dynamic mode 55 51,66
KU-2-8(Na) 3:3 dynamic mode 61,6 58,19
KU-2-8(Na) static mode 31,25 19,13
KU-2-8(Na) static mode 37,33 25,34

The degree of desorption shows that with active mixing both metals are almost equally extracted
from the polymer matrix. In the static mode, a large difference appears between the desorption of the
two metals. This leads to the conclusion that the choice of mode can affect the selectivity of both
sorption and desorption. In the latter case, this is especially important, since the desired separation
can be obtained at this stage (there is no point in selective sorption if it is impossible to obtain the
target ion from the sorbent matrix at the next stage). Figures 8 and 9 show graphs of the degree of
desorption, where the difference between the values of the degree of desorption of two metals in two
different modes is clearly visible.

40
35
30
25
20
15
10

5

0

Degree of desorption, static mode

HPr

u Nd

4:2 static mode 3:3 static mode

Figure 8. Degree of desorption of target metals without stirring.
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Degree of desorption, dynamic mode
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Figure 9. Degree of desorption of target metals during active mixing.
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5. Conclusions

Thus, based on the results obtained, several conclusions can be drawn:

1) Interpolymer systems based on KU-2-8 and AV-17-8 are good sorbents of neodymium and
praseodymium ions (recovery rates, respectively, 4:2: 95.67% and 99.36%, 3:3: 79% and 81.33 %.

2) It is impossible to predict how this ion will be sorbed in a mixture with another metal based
on studying the sorption characteristics of each ion individually from model solutions. For example,
according to the initial hypothesis, we suggested that in 4:2 and 3:3 systems in static mode,
praseodymium will be better sorbed from a mixture of two ions and neodymium will be worse. This
assumption was based on the pattern of their individual sorption from model solutions. As a result
of the experiments, the opposite situation was revealed: in the static mode, neodymium ions were
better sorbed, and with active mixing, praseodymium ions. This suggests that the process of sorption
of ions of similar charge and radius from multicomponent systems is complex.

3) The choice of sorption and desorption modes not only affects the amount of sorbed and
desorbed ions, but also the selectivity of the entire process. It was found that without stirring,
sorption is slightly more selective towards neodymium. This effect increased during desorption,
when also the mode without stirring showed greater selectivity to neodymium.

4) Thus, the choice of conditions for the entire process greatly affects the results obtained.
Although the dynamic mode with active mixing showed lower selectivity, the degree of extraction
for both ions was much higher compared to sorption and desorption from stagnant solutions.
Therefore, a contradiction arises: in statics, to obtain slightly higher selectivity with respect to
praseodymium, but to lose significantly in the degree of extraction of both metals, or to obtain high
indicators of the degree of extraction and desorption for both metals, but to lose in selectivity.
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